Introduction
In Italy bread wheat is cultivated in about 600000 hectares (ISMEA, 2002) and in the last decade farmers efforts have been directed to the production of bread wheat according to integrated crop management, which basically refers to the reduction of nitrogen (N) inputs because usually there is no need of the chemical control of pests. However, higher levels of N fertilizer are required to achieve optimal protein content rather than to maximise grain yield, therefore the reduction of N supply may negatively affect the bread making quality of wheat (Holford et al., 1992; Miceli et al., 1992; Borghi et al., 1995; Triboi and Triboi-Blondel, 2001; Woolfolk et al., 2002) . The production of high quality wheat is lacking in the European Union, thus a key objective of the Italian farmers is the exploitation of the opportunity offered by the Mediterranean climate to obtain superior crops (Borghi et al., 1991) . As a consequence, the acreage cultivated with cultivars characterised by high quality is increasing in Italy since the eighties, in spite of the decreasing of the total wheat area. The release of high yielding cultivars and the strengthening of a wheat market based on quality grade support this trend (Borghi et al., 1997) . Wheat quality classification, based on protein content, alveograph and farinograph indices, defines four grades related to different end-uses of flour: improver wheat (Frumento di Forza, FF), superior bread-making wheat (Frumento Panificabile Superiore, FPS), ordinary bread-making wheat (Frumento Panificabile, FP), wheat for biscuits (Frumento da Biscotti, FB) (Borghi et al., 1997) . Up to date, cultivars belonging to the first two classes are spread on more than 30% of the total acreage in Italy ; moreover, the home grown wheat is mainly employed in human consumption, thus the quality standards are very high. Before the introduction of integrated crop management, such end-use requirements incited wheat growers to slightly exceed in N supply. To control the potentially deleterious effects of nitrogen on environment, some limitations have been introduced in Italy since 1992 after the European directive 91/676 (nitrate directive) was published. Currently, the maximum amount of N rate admitted is locally determined, in most cases according to balance sheet methods (Grignani, 1995; Meynard et al., 1997) . For instance, in the Emilia Romagna region, the main area for wheat cultivation in Italy (160000 ha), the adopted method considers the expected yield, the contribution of soil N content, the previous crop and the overwinter rainfall (Carnevali and Sarno, 1998) . However the recommendations proposed are always based on the expected yield of medium quality cultivars and may result inadequate for those characterised by high bread making quality. As a consequence, there is concern about the need to define the most economically efficient and environmental sustainable wheat crop management for climatic conditions of the main bread wheat growing areas of Italy.
The main object of the first part of this study was to understand how the actual integrated crop management may affect the bread-making quality of wheat cultivars belonging to different market classes.
Materials and methods
Starting from 1997-1998, field experiments were conducted for three years at San Pancrazio (PR), Ravenna (RA) and Papiano di Marsciano (PG); for two years at Caleppio di Settala (MI); for one year at Ceregnano (RO), Lonigo (VI) and Mogliano Veneto (TV) ( Table 1) . Maximum rate of nitrogen admitted was calculated for all trials by means of a simplified balance sheet method according to the recommendations of the Emilia Romagna local government (Carnevali and Sarno, 1998) . Briefly the method determined the amount of N supply balancing N uptake from the crop and N available for the crop from sources other than fertilization (see for details the web page www.caip.it/caip/CR-PV/COLT.Concimazione.Azotata.htlm). N uptake was calculated applying a constant coefficients for yield unit (0.0198 kg t -1 for grain, 0.006 kg t -1 for straw, grain/straw ratio = 1/0.8) on values derived from local historical average yields. N available for the crop was calculated summing up N in the soil at sowing, N mineralized from soil organic matter, N made available from residues of the preceding crop and N from organic fertilizers. A fraction of N available in the soil at sowing was assumed to be lost by leaching, depending on the rainfall amount in the period October-January. N made available from residues of the preceding crop depended on both crop species and soil conditions. According to the adopted method, N was applied in two splits, spaced of about 2 weeks, when the calculated N rate was above 100 kg ha -1 . Soil analysis at sowing was performed according to SISS (1985) , the soil textures ranged from clay to loam. Rainfall distribution pattern in the period from October to January was in the range from 153 mm (PR99) to 489 mm (PG98). The expected yield, determined according to the official national trials results (Perenzin et al.1997) , was in the range 5.5-7.0 t ha -1 . Three rate/modality of N fertilizations were applied: N1, corresponding to the maximum rate admitted (Table 1) , distributed at Growth Stage (GS) 30 corresponding to the stage of spike initiation (Zadoks et al., 1974) ; N2 with 50 N kg ha -1 more than N1, also distributed at GS 30; N3 with 50 N kg ha -1 more than N1, the supplement being distributed at GS 40 (flag leaf appearance). When N1 was higher than 100 kg ha -1 , the rate was split in two timings: 2/3 at GS 30 and 1/3 at GS 32 (stem elongation). Nitrogen was given as granular ammonium nitrate at GS 30 and as urea at GS 32 and 40. Two representative cultivars were chosen for each quality grade of the Italian classification for wheat quality: FF, Colfiorito and Golia; FPS, Bolero and Pandas; FP, Centauro and Mieti; FB, Eureka and Pascal.
The experimental design in each site was a split-plot with three replications. Nitrogen treatments (rate/modality) were assigned to the main plots and cultivars to the elementary plots of 10 m 2 (eight rows, 17 cm apart, 7.5 m long). The experimental unit was represented by two adjacent plots, one for destructive sampling during growth and the other for combine harvesting.
Wheat was cultivated according to standard agronomic practices: sowing at dates in the months October-December with 450 viable seeds m -2 , chemical control of weeds and no chemical control of leaf diseases. Heading time, plant height and, after seed cleaning, grain yield (13% moisture), test weight, 1000 kernel weight were determined on each replication. Seed samples derived from the bulk of the three replications of each treatment were tempered overnight according to their hardness and milled with a BONA 4RB (Bona, Monza, Italy) experimental mill. The rate of flour extraction was in the range 60-65%. Bread making quality was evaluated by means of Falling Number (method 3093; ISO, 1982) , protein content (method 39-11; AACC, 1995) and Chopin alveograph indices (method 121; ICC, 1986) .
In order to investigate the effects of N treatments on grain yield and quality, both accumulation and remobilisation of dry matter and nitrogen in the plant, roots excluded, have been studied during the grain filling period. In all sites, with the exclusion of MI99, plant samples of two replications of one cultivar for each quality class (FF: Colfiorito, FPS: Bolero, FP: Centauro, FB: Pascal) were collected at heading and harvest from 0.5 m of three randomly chosen rows excluding the bordering ones. After drying at 60 °C to constant weight, dry matter and nitrogen content (method 20483; ISO, 1982) of plant and grain were determined.
Standard statistical analysis of variance (ANOVA) was carried out by means of the MSTAT-C (1991) program considering the main sources of variation, Environment (E), Nitrogen (N) and Cultivar (C), as fixed factors. For factor E the 14 levels were represented by individual trials, while for factor N the three levels were represented by the combination of rate and modality of nitrogen supply. Differences among cultivars were further partitioned among the four quality grades (Q). In the case of quality parameters determined on the bulk of the three replications, the second order interaction (ExN) was used to test the significance of the main sources of variation E and N, while the highest order interaction (ExNxC) was used to test the significance of the main source of variation C (Q components included) and of the lower order interactions.
Results

Weather conditions
Weather traits varied greatly among years and sites. Rainfall in the 1997-1998 season was below the average of the long term period in all locations but PG98. Rains from October to January (Table 1) accounted for 45-55% of the total; moreover February and March were very dry. In 1998-1999 total rainfall was near the long term average; rains during fall and winter accounted for 56-60% of the total at MI98, RA99 and PG99; at PR99 it was lower, accounting only for 42% of the total at the end of January. In 1999-2000 total rainfall was above average in all locations and concentrated for 65-70% in the October-January period.
Grain yield and related traits
Environment (E) and cultivar (C) significantly affected all the traits, while nitrogen (N) significantly influenced grain yield, test weight and 1000 kernel weight ( Table 2 ). The interactions between nitrogen and cultivar were significant for grain yield and test weight; interactions involving environment and nitrogen (ExN) were significant for test weight and heading time. Environment x cultivar interactions (ExC) were always significant.
Grain yield differed greatly among locations and years; generally the mean value of each environment agreed with those recorded in the official national trials (Perenzin et al., 1998 , Perenzin et al., 1999 Perenzin et al., 2000) . Grain pro-ductions did not appear related to the maximum rate of nitrogen admitted in each site (N1). ANOVA carried out for the three locations common to the three year period showed that about 60% of the detected variation in grain yield was due to locations and only eight percent to years (data not reported).
The higher rate of nitrogen of the N2 and N3 treatments increased grain yield significantly of about 4% with respect to N1 in all environments, while differences between timing of fertilizer supply (N2 vs. N3) were not significant.
The highest grain yield was given by FB cultivars (6.9 t ha -1 ), the lowest by FPS cultivars (6.2 t ha -1 ). Such differences seem related to year of release of cultivars more than to quality grades: on average the more recently released cultivars Eureka (FB), Colfiorito (FPS) and Pascal (FB) were the highest yielding genotypes.
The significance of the ExC interaction was mainly due to Centauro (FP) and Golia (FF) that performed differently at TV98, MI98 and PG98 in comparison to the other sites. The significance of NxC indicated the existence of variability among cultivars in the response to rates and timing of nitrogen fertilization. Moreover, the NxQ interaction indicated a significant effect of both rates and timing of fertilization in the case of FF and FPS and of the nitrogen rates in the case of FP, while no effects resulted for the FB group (Figure 1) .
Test weight varied significantly among environments: the minimum value was 70.3 kg hl -1 at MI99 and the maximum was 82.5 kg hl -1 at PR00. Differences due to nitrogen rate and timing, although statistically significant, had no practical meaning. Mean values for quality grades were highest in FPS and lowest in FB.
Kernel weight varied largely among environments (from 32.3 g at MI99 to 43.5 g at PR00). These differences and those due to nitrogen treatments and quality grades generally followed the same trend shown by test weight.
Heading and plant height greatly varied among environments, quality grades and varieties within grades, whilst nitrogen had no significant effects. Both characters showed a large range of variability in the environments: 11 days for heading and 23 cm for plant height.
Grain quality
Grain quality evaluation was carried out for all trials except PR99, owing to grain damage during storage. The main sources of variation (E, N, C) significantly affected all the quality traits (Table 3) . Variance due to environment was much higher than that due to nitrogen. As expected, quality grades gave higher variance than cultivars within grades. For all traits the differ- Soil composition (0-0.20 m) (a) ences among cultivars changed with environments, while NxC and NxQ interactions were significant only for W and P/L indices.
Protein content ranged from 9.5% at RO98 to 16.4% at PG00. No significant correlation was observed with grain yield. Protein content increased with nitrogen rates (from N1 to N2/N3), with delay of supply (from N2 to N3) and differed among quality grades (from 12.8 % in FB to 13.9 % in FPS). Correlations between grain protein content and the alveograph parameters were significant and positive (r = 0.19; P < 0.01) for W, which represents the strength of dough, but negative (r = -0.41; P < 0.01) for P/L, Table 2 . Analysis of variance and mean values of agronomic parameters of eight cultivars belonging to four quality grades, grown in 14 environments (see Table 1 i.e. the ratio between the resistance and the extensibility of dough. Alveograph W mean values ranged in the sites from 302 J 10 -4 (MI98) to 82 J 10 -4 (RA00). In four trials (MI98, VI98, MI99 and PR00) mean W values were higher than 220 J 10 -4 , value considered the bottom limit of the FPS grade (Borghi et al., 1997) . In five sites (TV98, RO98, PR98, RA98, PG99) mean W values were in the range 120-164 J 10 -4 and in the other trials (PG98, RA99, RA00, PG00) they were very poor, lower than 100 J 10 -4 . On average, the strength of dough increased with nitrogen treatments from 149 J 10 -4 (N1) to 165 J 10 -4 (N2) and up to 175 J 10 -4 (N3). The W values also varied among quality grades and between cultivars within grades. The range was from 90 J 10 -4 in FB to 217 J 10 -4 in FF. Cultivars and grades Table 3 . Analysis of variance and mean values of qualitative parameters of eight cultivars belonging to four quality grades, grown in 13 environments (see Table 1 and text for abbreviations). 
Dry matter and nitrogen content of the plant
The dry weight of plant at anthesis and at harvest, dry matter of grain and straw at harvest as well as the harvest index values were significantly affected by environment and cultivar (Table 4) . Differences due to nitrogen treatments were significant for plant weight and grain yield at harvest. The ExN interaction for plant dry matter at anthesis indicates differences of nitrogen effects in the sites. In fact, biomass weight increased from N1 to N2 and to N3 in some environments, while in others the opposite was true or no differences were found. Cultivars reacted differently in the environments for all characters shown in Table 4 . The interaction NxC was significant only for plant and grain dry weight at harvest. Plant weight at anthesis did not change with nitrogen treatments, neither straw weight did; on the contrary, grain yield, and consequently plant weight, significantly increased from N1 to N3, suggesting that patterns of dry matter accumulation during grain filling were influenced by nitrogen fertilization. Nitrogen contents of plant, grain and straw and nitrogen harvest index were significantly affected by the main sources of variation (E, N and C) both at anthesis and at harvest (Table  5 ). Large differences resulted among mean values of all the above-mentioned traits in the sites and as a consequence of fertilization. In general N2 and N3 means were higher than N1 mean, and this behaviour was similar in all the environments. Interaction NxC was significant only for nitrogen content of plant and grain at harvest. The behaviour of cultivars was significantly different in the sites for all traits. Nitrogen behaved differently at variation of nitrogen supply: W increased in N2, as compared to N1, of 23 J 10 -4 in the case of FF, and of 7 J 10 -4 in the case of FB (Figure 2) . Apart from FF, only little differences were observed between N2 and N3. Also ExC interaction was highly significant.
Alveograph P/L ratios ranged among environments from 0.48 (MI99) to 2.08 (TV98). Mean values higher than 1.00, associated with low grain protein content, were registered in the trials MI98 and RO98. The effects of nitrogen, although statistically significant, were in the range 0.85 (N3) -0.99 (N1). Differences between quality grades were higher and in the range 0.47 (FB) -1.72 (FF). NxC and NxQ interactions were significant as a consequence of the different behaviour of FF as compared to the other quality grades (Figure 3) . As for all other quality traits, ExC interaction was significant also for P/L ratio.
harvest index was strongly correlated (r = 0.64; P < 0.01) with harvest index, with nitrogen content of grain (r = 0.33; P < 0.01) and straw (r = -0.82; P < 0.01) and with the alveograph index W (r = 0.34; P < 0.01).
Discussion and Conclusion
The maximum rate of nitrogen fertilization admitted in different environments ranged from 63 to 160 kg ha -1 (Table 1 ). The lowest rate was given at PR99 where the overwinter rainfall was very poor (153 mm) and wheat followed sugar beet, a crop considered to leave high nitrogen residue in the soil by the adopted balance sheet method (Carnevali and Sarno, 1998 ). In contrast, the highest rate of nitrogen was given at MI98 where overwinter rain was 235 mm and wheat followed a maize crop on a sandy soil. These two sites represented the range of variability normally detected for soils, climate con- Table 4 . Analysis of variance and mean values of dry matter in the plant at two growth stages and in the grain and straw at harvest (see Table 1 (Borghi et al., 1997) . The absence of any significant correlation between grain yield and the maximum amount of nitrogen fertilization admitted in each site (N1), suggests that factors other than nitrogen supply are responsible for the variation in grain yield. The adopted balance-sheet method appeared suitable to match the crop N requirements in different environments according to seasonal variability in the rainfall pattern and soil N dynamics during the vegetative period, although high temperatures and drought during the grain filling period may significantly reduce wheat yield in the Mediterranean environments Monotti et al., 1992; Garrido-Lestache et al., 2004) . However, the best performances obtained for yield and quality traits with N2 and N3 treatments may indicate that the balance sheet method for the estimates of nitrogen requirements of wheat crop (N1) could limit the ex- Table 5 . Analysis of variance and mean values of nitrogen content of plant at two growth stages and of grain and straw at harvest (see Table 1 pression of the varieties yield potential (Borghi et al., 1995; Lloveras et al., 2001 ). This appeared even more evident for the cultivars belonging to the FF and FPS grades, that yielded more grain of better quality (Figures 1, 2, 3 ) when the rate of nitrogen increased. According to previous studies carried out in different environments (Blankenau et al., 2002) our experiments indicated that the higher rates of nitrogen of the treatments N2 and N3 allowed the accumulation of higher quantity of dry matter in the grain during the grain filling period. As 70-90% of wheat grain yield is produced by post-anthesis photosynthesis (Austin et al., 1977) any nitrogen shortage during grain filling may reduce more dry matter than nitrogen accumulation in the grain. In the same period, the nitrogen accumulation in the grain was almost the same in the three considered treatments, but the differences for nitrogen content of the plant were already significant at anthesis. At this stage the lowest nitrogen content of the plant (17.9 g m -2 ) was detected for N1, while N2 and N3 had values significantly higher but not different from each other. This picture was almost unchanged at harvest.
It is well known that in Mediterranean environments it is difficult to establish definite agronomic practices mainly because of the unpredictable climatic variations (Acevedo et al., 1999) . Nevertheless our results indicated that the maximum rate of nitrogen calculated by the adopted sheet method should be revised in order to allow the production of high quality wheat. The apparent recovery efficiency of the extra supply of nitrogen and its true role in affecting the environment by leaching will be described in the second paper of this research (see part II) regarding the dynamics of nitrogen in the soils.
